ABSTRACT An accurate and efficient physical-optics (PO) near-field integral representation is proposed and introduced into shooting and bouncing ray (SBR) to evaluate the electric and magnetic near-fields scattered from electrically large complex objects illuminated by dipole sources. The PO near-field integral expressions can be reduced to closed-form expressions by applying locally expanded phase approximations and surface partitioning. By introducing the proposed PO near-field integral expressions, SBR can be used to solve near-field scattering problems from electrically large complex objects. Simple and complex numerical examples are presented to demonstrate the efficiency and accuracy of the proposed method.
I. INTRODUCTION
Shooting and bouncing ray (SBR) [1] effectively combines the advantages of geometrical-optics (GO) and physical-optics (PO) while fully considering the reflected field in the target. Thus, SBR can be applied in studies of electromagnetic scattering of electrically large complex targets. This technique has progressed remarkably after years of development. At present, SBR is one of the fastest methods for solving electromagnetic scattering problems, and it has been widely used in complex structures, specifically in electromagnetic simulation of targets with multiple reflections. For the PO in SBR, the surface integral is evaluated, and calculation time is proportional to the illuminated surface area of the scatter under consideration. Numerical integration techniques typically need to discretize the surface with at least five mesh cells per wavelength. The computation time needed for evaluating the surface integral by numerical integration increases with the increase in electrical size of scattering surfaces. To reduce computational time, the integral dimension must be reduced. By utilizing far-field approximation of Green's function, the surface integral has been reduced to a closed-form expression [2] . The condition for this closed expression is that the observation point is located at infinity. However, for near-field scattering, far-field assumption severely undermines the capacity to estimate scattered fields that lie closer to the scatter.
To obtain accurate near-field scattering results, precise Green's functions must be used in the near-field integral representation. Several attempts have been made to refine the standard PO method by using a more accurate representation of Green's function for near-field computation. An approach proposed by Pouliguen and Desclos [3] , Neto [4] , and Chen et al. [5] relies on an exact Green's function. Although this method offers excellent accuracy, it requires numerical integration of surface currents, which are highly undesirable for electrically large objects. To reduce computational time, surface integration conversion into a line integration becomes desirable. Various transformations of surface integral representations into line-integral representations have been proposed. The classical line integral technique MaggiRubinowicz transformation (M-R transform) [6] , [7] was proposed decades ago to calculate the surface integral involved in Kirchhoff-Helmholtz theory. The line integral of M-R transform lies initially only a scalar field and is used to calculate black body diffraction field in optical theory. Subsequently, Asvestas [8] - [10] introduced the Kottler [11] integral to the electromagnetic problem and modified the M-R expression to improve the numerical efficiency of M-R transform. Compared with the M-R transform, the line integral expression derived by Asvestas no longer contains the geometric optical field of discontinuous distribution and eliminates the original singularity. Albani [12] recently derived a non-singular line integral form with a more intuitive physical meaning. In general, the image theory proposed by Meneghini et al. [13] and Johansen and Breinbjerg [14] will be used to solve the PO scattering problem by using M-R transform. On the basis of current PO decomposition, the mirror theory represents the PO integral as two radiative integrals, namely, the integral of ''shadow radiation,'' which is the Kottler integral related only to the source point (or observation point), and the integral of ''reflected radiation,'' which is the Kottler integral associated with the mirror point of the source point (or observation point). These two Kottler integrals can be directly solved by using the line integral technique proposed by Asvestas. Using vector calculus theorems, Forbes and Asatryan [15] derived closed-form vector potentials for perfect spherical (both diverging and focused) and plane incident fields. These potentials further simplify the diffraction surface integral to a 1D, singularity-free line integral around the rim of the aperture. Inspired by Albani [12] and Forbes and Asatryan [15] , Fan et al. [16] derived a singularityfree line integral for PO scattering from perfectly conducting objects illuminated by Hertzian dipoles. Gordon [17] recently presented a magnetic-field contour-integral representation of the PO near-field backscattering situation (observing at the source point) through direct derivation. However, his final expression suffers from the singularity problem when the projected point of the source (observation) falls right on the plate contour. Fan et al. [18] proposed a treatment to the singularity problem and derived analogous contour integral representations for both electric and magnetic scattered fields. However, these line integral expressions only apply to perfectly electrically conducting (PEC) targets illuminated by dipole waves.
Legault [19] provided an alternative approach that relies on a locally expanded approximation and surface partitioning. This approach achieves an improved accuracy in the near-field with the dimensions for determining far-field boundaries, which become the dimensions of surface elements rather than the global dimensions of the scatter. This approach is practically attractive in evaluation of the nearfield PO integral. Sui and Xu [20] applied the method to highresolution radar signature prediction of near-field targets. Zhou and Cui [21] proposed a closed-form near-field time domain expression by introducing Green's function approximations, which are locally expanded and are considered in Legault's method in the frequency domain. However, all previous works on the reduction and evaluation of near-field PO surface integrals have focused on electromagnetic scattering of PEC targets illuminated by plane waves.
Another key technique of SBR is ray tracing. Numerous tubes are needed when SBR is used to calculate the electromagnetic scattering of large and complex targets. However, tracking calculation of a large number of tubes can be time-consuming, thereby severely limiting the application of SBR. Many scholars have attempted to improve the efficiency of the ray tracing algorithm by reducing the number of tubes and improving the efficiency of ray tracing. In 2001, Suk et al. [22] proposed a multi-resolution mesh subdivision algorithm that significantly reduces the number of initial ray tubes. Although this method can reduce the number of tubes, the accuracy of its calculation cannot be guaranteed. In that same year, Sundararajan and Niamat [23] put forward the raysquare box shadowing method based on field programmable gate array (FPGA) to determine whether a ray tube intersects with the target bounding box. In 2006, Jin et al. [24] used the octree data structure to divide the target body into eight boxes, including the upper, lower, left, right, front, and back ones. This algorithm reduces the complexity of ray occlusion judgment, which in turn significantly reduces the number of ray intersecting detection. In 2007, combining mesh segmentation and space segmentation, Bang et al. [25] expanded and extended the ray tracing algorithm based on octree. Wei et al. [26] recently presented the backward GO/PO hybrid method. With this backward ray tracing technique, the amount of computation almost shows no change with increased frequency of incident waves. However, the computation complexity of backward tracing is considerably higher than that of forward ray tracing method. Fan et al. [27] developed an improved backward SBR-PO/PTD hybrid method to enhance the efficiency of ray tracing. The efficiency of ray tracing significantly improves, and backward RCS prediction of electrically large targets can be performed effectively.
This paper proposes a closed-form near-field PO expression and combines it with the ray tracing technology proposed by Fan to evaluate electric and magnetic fields from electrically large complex objects illuminated by dipole sources. The remainder of this paper is organized as follows. Section II discusses the derivation of the closed-form near-field PO expression. Section III describes GO and ray tracing. Section IV presents numerical examples. Section V provides the drawn conclusion.
II. NEAR-FIELD PO FORMULATIONS
Consider the scattering configuration of an arbitrarily shaped plate S n subdivided from target surface illuminated by an electric dipole with position vector r s (Fig. 1) . Letn signify the unit vector normal to the plate. r and r denote the observation point and a point on the plate S n , respectively. R = r − r and ρ = r − r s . The dipole moment is α. The incident fields E i and H i radiated from the dipole on to the plate are given by the following (harmonic time dependence e jωt is assumed and suppressed):
where ρ denotes the magnitude of ρ andρ = ρ ρ. By introducing the surface integral expressions [28] for electric and magnetic fields and PO approximation, the VOLUME 6, 2018 FIGURE 1. Geometry for scattering by a polygon plate illuminated by a dipole.
near-field expression of the PO integral can be given as follows:
In these expressions, k and η denote the free-space wavenumber and intrinsic impedance, respectively. R is the magnitude of R.R is the unit vector of R. The electric current density J and magnetic current density M on the lit surface are as follows:
where H i , E i and H r , E r denote the incident fields and reflection fields on surface S, respectively.
Following the procedure of the near-filed method developed in [9] , for every subdivision surface S n as shown in Fig. 1 , the far-field criterion becomes element-specific: if surface element S n features a maximum dimension d n , then the estimated minimum observation radius, centered at r n , is 2d 2 n /λ. λ denotes the wave length. The criterion is satisfied to ensure an accurate representation of Green's function. That is, if dimension d n of S n satisfies the expression 2d 2 n /λ < |R n |, then R can be approximated by the following:
Similarly, if the size d of the antenna satisfies the expression 2d 2 /λ < ρ n , then ρ can be approximated by ρ = ρ n · r − r s . The incident fields can be approximated as farfield incident. H r and E r can be written as follows:
where R TM and R TE are the reflection coefficients, andê TM andê TE are the normalized direction of TM and TE waves, respectively.k r is the reflection direction as follows:
By substituting (8)- (10) into (5) and (6), J and M can be rewritten in terms of the incident fields andn as follows:
By substituting (11)-(12) into (3)-(4), the scattered fields E s n and H s n of subdivision surface S n can be respectively expressed as follows:
where
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When S n is a plate of N-polygonal shape, the surface integral part in (13) and (14) can be simplified as follows [2] :
In this expression, β is the projection of vector ω =ρ n −R n on the polygonal surface, and ν i is the position vector of the ith vertex of the N-polygonal plate in the global coordinate. The final closed-form expressions of the PO scattered field can be given as follows:
and the total fields of E s and H s can be expressed as follows:
N is the number of facets subdivided from target surface.
III. GO AND RAY TRACING
To evaluate the scattering fields of electrically large complex targets, the ray tracing technique proposed by Fan is used in this study. By combining the closed-form near-field PO expression with Fan's ray tracing technology, we can extend the scope of SBR from far-field to near-field analysis. The GO used in this paper is mainly illustrated as follows.
Consider that an electric dipole radiates to Face 1 and reflects to Face 2, as shown in Fig. 2 . r 1 and r 2 denote the points of Face 1 and Face 2, respectively. P' is the mirror image of P to Face 1.
FIGURE 2. Propagation path of ray tube.
Then, the reflection fields of Face 1 can be written as follows:
As can be seen from the above equations, the reflection fields can be regarded as the radiation fields from an electric dipole at the point P' with the dipole moment α 1 = R TE α ·ê TEêTE + R TM α ·ê TMρ1 ×ê TE . So the reflection fields received at r 2 of Face 2 can be substituted by the radiation fields from the image electric dipole at P'. The fields at r 2 can be written as VOLUME 6, 2018 follows: (27) Repeat tracing the ray until no more reflection occurs. The scattering fields of each surface patch shot by the ray tube can be evaluated by using (20)- (21), and the total fields of an object can be obtained by substituting (20) and (21) into (22) and (23), respectively.
IV. NUMERICAL EXAMPLES
Several numerical results are presented in this section. To validate both the accuracy and efficiency of the proposed method, these numerical results are compared with full wave solutions simulated by the commercial software FEKO, which is based on the multilevel fast multipole algorithm (MLFMA). For simplicity, we refer to the method proposed in this paper as near-field SBR (NFSBR). In particular, we consider the near-field electric field from objects illuminated by a y oriented electric dipole with unit dipole moment α = 1 Am. The targets are meshed into flat triangular facets. All calculations are performed on a desktop computer with Quad 3.2 GHz CPU and 8 GB memory.
Define the near-field RCS (NFRCS) as NFRCS = 20 log 10 2 √ π r E s (r) / E i (−r s ) . r denotes the position vector from the observation point to the origin of coordinates in global coordinate system. The distance r is the magnitude of r. E s (r) denotes the total scattering electric field at r. r s is the position vector of the electric dipole. E i (−r s ) denotes the radiation electric field at the origin of coordinates from the electric dipole.
A. DIHEDRAL CORNER REFLECTOR
In the first example, we consider the scattering of a right dihedral corner reflector with a 0.3 m side length at a frequency of 10 GHz. Relative permittivity and relative permeability ε r = 4 and µ r = 1, respectively. The dihedral corner reflector has no thickness. In order to compare results with that of MLFMA, in simulation, the front (normal direction) medium of the target is set to be free space, and the back (opposite normal) medium of the target is set to be dielectric (Fig. 3) . To improve the accuracy of ray tracing, the dihedral corner reflector is meshed into 522 triangular facets with an average sampling density of λ. Additional studies are performed to prove that this method is also suitable for conductor scattering; Fig. 6 presents the backscattered NFRCS of the dihedral with ε r = 1 − j10 9 . And the bistatic NFRCS is shown in the Fig. 7 The other parameters are the same configuration as in Fig. 4 and Fig. 5 . As depicted in Fig. 6 and Fig. 7 , these results are compared with the results of the PEC dihedral simulated by MLFMA.
As can be seen from Fig. 4 -Fig. 7 , the results present a perfect agreement, and slight differences are detected near some angles. The results are attributed to acquisition of scattering fields of the facets using only by the PO approximation and without considering the diffracted contribution from the surface edges (such as physical theory of diffraction). An oscillating variation relationships exists between NFRCS and the observation θ i/s . The near-field scattering behavior remarkably differs from the far-field one. Compared with the results of bistatic NFRCS, the results of backscattered NFRCS are more consistent with that of the MLFMA. This is mainly because the SBR method is more accurate in analyzing the backscattering of dihedral structures. Fig. 8 shows the backscattered NFRCS of the metallic dihedral corner reflector at different observation distances. The frequency is set to 10 GHz. The observation point scans a circle in the x-z plane, and θ i ranges from 0 • to 90 • . In Fig. 8 , the far-zone curve represents the far-zone RCS at r s = 10 9 m. The figure shows that NFRCS significantly differs from far zone RCS. Overall, NFRCS is less than far-zone RCS. When the observation point lies close to the target, an oscillating variation relationships exists between NFRCS and the observation θ i . As the distance increases, the oscillation died down and the peak area gradually moves toward the center. When r = 2 m, two peaks appears on the curve. When the observation point is sufficiently distant, NFRCS transforms into far-zone RCS. TABLE 1 compares the number of facets and computation time between NFSBR and MLFMA. As shown in the table, the ratio of the number of facets of the NFSBR to that of MLFMA reaches 1:67. For the dielectric dihedral, the ratio of the computation time approximates 1:3135 (backscattered NFRCS) and 1:3931 (bistatic NFRCS) and for the metallic dihedrals, the ratio of the computation time approximates 1:297 (backscattered NFRCS) and 1:2570 (bistatic NFRCS) in these examples.
B. SIMPLE SHIP MODEL
To further verify the accuracy and efficiency of this proposed NFSBR method, in the next example, we consider the scattering from a simple ship model (0.9 m × 0.2 m × 0.2 m) at a frequency of 6 GHz. The ship model is meshed into 2310 triangular facets with an average sampling density of λ/2. We use NFSBR to simulate the NFRCS of the metallic ship. We then compare the results with the numerical findings from MLFMA. Fig. 9 and Fig. 10 show the backscattered NFRCS and bistatic NFRCS of the metallic ship, respectively. For the metallic ship, we set the relative permittivity to 1 − j10 9 . In Fig. 9 , the dipole position scans a circle in the x-z plane with radius r = 1 m and θ i ranging from −90 • to 90 • . In Fig. 10 , the dipole is at r = 1 m and θ i = 0 • . The observation point scans a circle in the x-z plane with radius r = 1 m and θ s ranging from −90 • to 90 • . As shown in these figures, these results agree well in most of the scattering angles. The error is mainly due to the failure to consider the contribution of diffraction. As shown in Fig. 9 , the error between the two methods is obvious when the dipole illuminates the ship's bow (60 • < θ i < 90 • ). This is mainly due to more edge diffraction on the ship's bow, so it has a great influence on the result. TABLE 2 compares the number of facets and computation time between NFSBR and MLFMA. As shown in the table, the ratio of the number of facets of NFSBR to that of MLFMA is 1:16, and that of the computation time is 1:127 for backscattered NFRCS and 1:137 for bistatic NFRCS in these examples. 
V. REALISTIC SHIP
Finally, we consider the NFRCS from a metallic ship with real dimensions. The dimensions of the ship reach 150 m×16 m× 20 m. The frequency is set to 10 GHz. The ship is meshed into 85782 triangular facets with an average sampling density of 0.5 m. For the metallic ship, we set the relative permittivity to 1 − j10 9 . Fig. 11 and Fig. 12 show the backscattered NFRCS and bistatic NFRCS of the metallic ship, respectively. In Fig.  11 , the dipole position scans a circle in the x-z plane with radius r = 300 m and θ i ranging from −90 • to 90 • . In Fig. 12 , the dipole is at r = 300 m and θ i = 0 • . The observation point scans a circle in the x-z plane with radius r = 300 m A. RELATIONSHIPS BETWEEN NFRCS AND OBSERVATION DISTANCE r Fig. 13 shows the backscattered NFRCS of a ship as a function of dipole position r s . The incident plane is the x-z plane, and the observation aspect is θ i = 45 • . As shown in the figure, an oscillating variation relationships exists between NFRCS and the distance r s in the near-zone, and the near-field scattering behavior remarkably differs from the far-field one. With an increase in r s , the NFRCS moves toward the far-zone RCS.
VI. CONCLUSION
A closed-form near-field PO expression is proposed to evaluate the electric and magnetic near-fields scattered from dielectric objects illuminated by dipole sources. Then, the closed-form near-field PO expression is combined with ray tracing technology to evaluate near-fields scattered from complex objects. Numerical analyses show that NFSBR achieves good accuracy and high efficiency in analysis of scattering problems. For dielectric bodies, the method of this paper does not consider refracted rays. So the NFSBR is not suitable for analyzing the electromagnetic scattering of dielectric bodies. In the future work, the method can be improved to analyze the near-fields scattering of coated targets by considering refracted rays. And further performance improvements become possible by introducing the physical theory of diffraction into NFSBR.
